The Caribbean spiny lobster, Panulirus argus, is a migratory crustacean that uses Earth's magnetic field as a navigational cue, but how these lobsters detect magnetic fields is not known. Magnetic material thought to be magnetite has previously been detected in spiny lobsters, but its role in magnetoreception, if any, remains unclear. As a first step toward investigating whether lobsters might have magnetite-based magnetoreceptors, we subjected lobsters to strong, pulsed magnetic fields capable of reversing the magnetic dipole moment of biogenic magnetite crystals. Lobsters were subjected to a single pulse directed from posterior to anterior and either: (1) parallel to the horizontal component of the geomagnetic field (i.e. toward magnetic north); or (2) antiparallel to the horizontal field (i.e. toward magnetic south). An additional control group was handled but not subjected to a magnetic pulse. After treatment, each lobster was tethered in a water-filled arena located within 200 m of the capture location and allowed to walk in any direction. Control lobsters walked in seemingly random directions and were not significantly oriented as a group. In contrast, the two groups exposed to pulsed fields were significantly oriented in approximately opposite directions. Lobsters subjected to a magnetic pulse applied parallel to the geomagnetic horizontal component walked westward; those subjected to a pulse directed antiparallel to the geomagnetic horizontal component oriented approximately northeast. The finding that a magnetic pulse alters subsequent orientation behavior is consistent with the hypothesis that magnetoreception in spiny lobsters is based at least partly on magnetite-based magnetoreceptors.
INTRODUCTION
Earth's magnetic field plays an important role in guiding the movements of diverse animals over a wide range of distances (Wiltschko and Wiltschko, 2005; Johnsen and Lohmann, 2005) . The geomagnetic field is among the most pervasive and reliable of orientation cues, accessible day and night at nearly every location on the planet. Animals can derive two distinct types of information from the geomagnetic field. Many species use the field as a source of directional or 'compass' information, which enables them to maintain consistent headings (e.g. toward north or south) (Lohmann, 2010) . In addition, Earth's magnetic field varies predictably across the surface of the globe, providing a source of positional or 'map' information that some animals use to change direction at appropriate locations along a migratory route or to navigate toward particular geographic areas (Lohmann et al., 2001 (Lohmann et al., , 2004 (Lohmann et al., , 2007 (Lohmann et al., , 2012 Phillips et al., 2002; Putman et al., 2014) .
Although many species evidently use the geomagnetic field as a compass, map or both, the transduction mechanisms that underlie magnetic field detection have not been clearly established in any animal. Several different hypotheses have been proposed to explain how animals might detect magnetic fields (Johnsen and Lohmann, 2008) . Most recent research has focused on two possible biophysical mechanisms: (1) chemically mediated magnetoreception (Ritz et al., 2000; Maeda et al., 2008; Liedvogel and Mouritsen, 2010) ; and (2) magnetite-based magnetoreception (Kirschvink et al., 2001; Walker, 2008; Winklhofer and Kirschvink, 2010) .
The magnetite hypothesis proposes that particles of the mineral magnetite (Fe 3 O 4 ) provide the physical basis for the magnetic sense. Theoretical considerations suggest that single-domain magnetite crystals (crystals of a size that can sustain a permanent magnetic moment) are particularly well suited to function as magnetoreceptors (Kirschvink et al., 2001) . Such particles might activate secondary receptors (e.g. stretch receptors or hair cells) as the particles twist into alignment with the geomagnetic field (Kirschvink and Gould, 1981; Johnsen and Lohmann, 2005; Winklhofer and Kirschvink, 2010) . Magnetic particles have been detected in the tissues of a number of animals, many of which use the geomagnetic field as an orientation cue (e.g. Lohmann, 1984; Mann et al., 1988; Walker et al., 1997; Shaw et al., 2015) .
One technique that has been used to investigate magnetite-based magnetoreception involves subjecting organisms to brief, strong magnetic pulses (Kirschvink et al., 2001; Shaw et al., 2015) , a treatment that should have no lasting effect on chemically mediated magnetoreception (Wiltschko et al., 2002) . In principle, a strong magnetic pulse applied in the right direction can realign the magnetic dipole moment of a single-domain magnetite crystal (Kirschvink, 1983; Kirschvink et al., 1985) . As a consequence, the pulse treatment might cause incorrect magnetic information to be transduced to the nervous system, resulting in changes in orientation behavior. Magnetic pulses have been shown to alter the orientation of several vertebrate animals, including sea turtles (Irwin and Lohmann, 2005) , migratory birds (Beason et al., 1995; Wiltschko et al., 1998 Wiltschko et al., , 2002 Holland, 2010; Holland and Helm, 2013) and mammals (Marhold et al., 1997a; Holland et al., 2008) . In some cases, the treatment has disrupted existing directional preferences, resulting in random orientation; in others, it has elicited shifts in preexisting directional preferences.
To our knowledge, all of the animals used in magnetic pulse experiments so far have been vertebrates; whether invertebrate animals are also affected by magnetic pulses has not been investigated. In the context of magnetoreception, a particularly interesting invertebrate is the Caribbean spiny lobster, Panulirus argus (Latreille 1804), the only invertebrate species known to have both a magnetic compass (Lohmann et al., 1995) and a magnetic map (Boles and Lohmann, 2003; Lohmann and Ernst, 2014) . Spiny lobsters undergo an annual mass migration and are capable of homing after nocturnal foraging or experimental displacements (Creaser and Travis, 1950; Herrnkind and McLean, 1971; Herrnkind and Redig, 1975; . In addition, concentrations of permanently magnetic material thought to be magnetite have been detected in the Caribbean spiny lobster (Lohmann, 1984) .
As a first step toward determining whether magnetic particles are associated with magnetoreception in the spiny lobster, we studied the orientation behavior of lobsters subjected to strong magnetic pulses. Results indicated that a magnetic pulse altered subsequent orientation, a finding consistent with the hypothesis that magnetoreception in lobsters is based at least partly on magnetitebased magnetoreceptors.
MATERIALS AND METHODS Animals
All experiments were conducted in Layton, Florida, USA, at the Keys Marine Laboratory (24.83°N, 80.81°W) in July 2013. Juvenile lobsters ranging from 55 to 86 mm in carapace length were captured in Florida Bay in the immediate vicinity of the laboratory by swimmers using hand-held nets. Each animal was visually inspected for signs of ill health. Healthy lobsters were placed into plastic buckets (18.9 liters) filled with seawater and transported to the laboratory for experiments. Those few animals that showed symptoms of PaV1 (Panulirus argus Virus 1, a virus that infects spiny lobsters) or other disease were not used. The collection of lobsters was authorized by the Florida Fish and Wildlife Conservation Commission ( permit SAL-11-1333C-SR).
Magnetic pulse protocol
Lobsters were collected daily between 18:00 and 20:00 h and randomly assigned to one of three groups. Within 1 h of capture, lobsters in two of the groups were exposed to strong magnetic pulses (see below), while those in the third group (controls) were handled in the same way as the others, but not exposed to a magnetic pulse.
Magnetic pulses were generated by a magnetizer (model 7515-G) constructed by Magnetic Instrumentation (Indianapolis, IN, USA). The magnetizer consisted of a bank of capacitors (425 V max) that discharged to a solenoid (32 cm diameter×20 cm length). Magnetic pulses produced by the magnetizer had an intensity of 85 mT and a duration of 5 ms. Both values are within the range used in similar studies with other animals (Irwin and Lohmann, 2005; Holland et al., 2008; Holland, 2010; Holland and Helm, 2013) .
Prior to placing the lobsters in the solenoid of the magnetizer, eye caps molded from polyvinylsiloxane impression material (Kerr Manufacturing Co., Orange, CA, USA) were placed over the lobsters' eyestalks to obscure their vision. Each lobster was then fastened to a small wooden board (approximately 5×75×2.5 cm, width×length×depth) with plastic cable ties. The board and lobster were then placed on non-magnetic supports and positioned so that the lobster was centered within the solenoid of the magnetizer and aligned along the magnetic north-south axis.
Because the effect of a magnetic pulse on magnetite crystals depends in part on how crystals are aligned relative to the pulse direction (Wiltschko et al., 2002; see Discussion) , lobsters were treated under two sets of conditions. One group of lobsters was subjected to a magnetic pulse directed from posterior to anterior, with the pulse delivered parallel to the geomagnetic horizontal component (i.e. toward magnetic north; Fig. 1A) . A second group was also subjected to a magnetic pulse directed from posterior to anterior, but with the pulse delivered antiparallel to the geomagnetic horizontal component (i.e. toward magnetic south; Fig. 1B ). An additional group of control lobsters was eye-capped, fastened to the wooden board and placed inside the solenoid, but not subjected to a magnetic pulse.
After lobsters were removed from the solenoid and detached from the wooden board, the eye caps were removed and lobsters were then housed outdoors in two rectangular fiberglass holding tanks (67×122×39 cm) placed side by side and filled with flow-through seawater from Florida Bay. Each tank was shaded from the sun and contained a cement block that the lobsters could use for cover. The two tanks appeared to be identical. Nevertheless, to ensure that the tank in which lobsters were housed did not influence the outcome, treatment groups were assigned to different holding tanks on different days of the experiment. The water temperature in both holding tanks was equivalent to that of Florida Bay.
All lobsters remained in the tanks overnight (for at least 10 h). The next morning, each lobster was tested a single time in the orientation arena (see below) and then released.
Orientation trials
Lobsters were housed and tested in the local magnetic field. The field was measured with a triaxial magnetometer (model 520A, Applied Physics Systems, Sunnyvale, CA, USA) and determined to have an intensity of 43.8 µT and an inclination of 53.7 deg.
All orientation trials were conducted between 07:00 and 14:00 h at a location approximately 200 m southeast of the capture site. Before testing, each lobster was eye-capped to eliminate the use of visual cues. A plastic cable tie was secured around the posterior cephalothorax between the fourth and fifth pairs of pereopods. A small plastic ring (1 cm diameter) threaded onto the cable tie was positioned along the lobster's dorsal midline as an attachment point for a tether. Lobsters were tethered with monofilament line within a circular, water-filled fiberglass arena (164 cm diameter; 29 cm water depth). One end of the tether was attached to a non-magnetic brass fishing swivel, which in turn was connected to the plastic ring on the midline of the lobster. The other end was attached to an electronic tracking system positioned on a support beam that extended across the center of the arena (Fig. 2) . The tracking system consisted of a rotatable tracker arm, capable of pointing toward any direction in the horizontal plane, affixed to a digital encoder that transmitted the angle of orientation to a computer for data collection. The tether restrained lobsters to a circle with a radius of 25.5 cm.
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Once tethered, lobsters were released randomly in one of the four cardinal directions and allowed to walk on a level, circular piece of acrylic positioned on the bottom of the tank. When the tether became taut, animals continued to walk at the same steady rate with their legs slipping continuously on the acrylic surface (Lohmann et al., 1995) . The trial was then initiated, and each lobster's heading was recorded every 30 s for a period of 30 min.
After testing and prior to release, a circular notch was taken out of each lobster's right uropod. This ensured that each lobster could be identified upon recapture and that no lobster was inadvertently tested a second time.
All orientation experiments were carried out during a 7-day period (2-8 July) in 2013. The experiment was conducted in two phases. During the first 5 days, control lobsters and lobsters subjected to the antiparallel pulse were tested alternately in the arena; in other words, the first lobster tested was a control, the second was from the antiparallel pulse group, the third was a control, and so on. During the last 2 days of the experiment, we tested an additional group of lobsters that had been subjected to a parallel pulse.
Statistical analysis
Using standard procedures for circular statistics (Batschelet, 1981) , a mean angle for each lobster was calculated based on all measurements obtained during the 30-min trial. Rayleigh tests were used to determine whether each group of lobsters was significantly oriented. The distributions of the three groups were compared using the Mardia-Watson-Wheeler test; pairwise comparisons were made with the Watson test (Batschelet, 1981; Zar, 1999) . In addition, to determine whether individual lobsters in some treatment groups held more consistent headings than lobsters in other groups, individual r-values (indicators of directional consistency) were compared across groups using a Kruskal-Wallis H-test (Siegel and Castellan, 1988) .
RESULTS
Lobsters exposed to a magnetic pulse directed parallel to the horizontal component of the geomagnetic field (Fig. 1A) were significantly oriented with a mean angle of 259 deg (Rayleigh test, n=15, r=0.45, Z=2.98, P=0.048; Fig. 3A ). Lobsters exposed to a magnetic pulse directed antiparallel to the geomagnetic field (Fig. 1B) were significantly oriented with a mean angle of 47 deg (Rayleigh test, n=14, r=0.53, Z=3.98, P=0.016; Fig. 3B ), a direction approximately opposite that of the first group. By contrast, control lobsters (lobsters not exposed to a magnetic pulse) had orientation that was statistically indistinguishable from random (Rayleigh test, n=13, r=0.26, Z=0.886, P=0.42; Fig. 3C ).
Significant 
DISCUSSION
The results indicate that a magnetic pulse affected the subsequent orientation behavior of spiny lobsters. Control lobsters placed into the solenoid of the magnetizer, but not subjected to a magnetic pulse, were not significantly oriented as a group (Fig. 3C) . By contrast, the two groups of lobsters that were exposed to a magnetic pulse each showed a significant directional preference, with the preferred direction apparently influenced by the alignment of the animal and magnetic pulse relative to Earth's magnetic field (Fig. 3A,B) . The finding that a magnetic pulse affected orientation is consistent with the hypothesis that lobsters have magnetite-based magnetoreceptors (Kirschvink et al., 2001; Johnsen and Lohmann, 2005) . Indeed, of the various mechanisms that have been proposed to underlie magnetoreception, only magnetite should hypothetically be affected by a strong magnetic pulse (Shaw et al., 2015) .
All of the lobsters in this study were tested at a location within approximately 200 m of where they were captured. The lack of a directional preference in control lobsters is consistent with previous results, in which lobsters tethered in an underwater arena close to the capture site failed to orient consistently as a group, possibly because the animals were already in the immediate vicinity of their home dens (Lohmann et al., 1995) .
Magnetic pulses similar to those used in the present study have been reported to alter the orientation behavior of several vertebrate animals, including sea turtles (Irwin and Lohmann, 2005) , birds (Beason et al., 1995; Wiltschko et al., 1998 Wiltschko et al., , 2002 Holland, 2010; Holland and Helm, 2013) and mammals (Marhold et al., 1997a; Holland et al., 2008) . The present study provides evidence that a Fig. 2 . Orientation arena. Lobsters were tethered within a circular arena to an electronic tracking system consisting of a tracker arm, digital encoder (black box above the lobster) and computer that monitored the angle of orientation. See Materials and methods for details. magnetic pulse can also alter the orientation behavior of an invertebrate animal.
Effect on magnetic map or magnetic compass?
Spiny lobsters are able to derive both directional ('compass') information and positional ('map') information from Earth's magnetic field (Lohmann et al., 1995; Boles and Lohmann, 2003) . In principle, the magnetic pulse might have altered or impaired mechanisms underlying one or both of these abilities.
In migratory birds, a magnetic pulse has been hypothesized to affect a magnetite-based map sense. Birds that have completed at least one migration are thought to acquire a map through experience, whereas first-time migrants are thought to follow a consistent compass heading that does not require a map Wiltschko, 1995a,b, 2003) . Consistent with this hypothesis, a magnetic pulse affected the orientation of Australian silvereyes (Zosterops lateralis lateralis) that had migrated at least once before, but had no effect on naïve birds migrating for the first time (Wiltschko et al., 1994 (Wiltschko et al., , 1998 Munro et al., 1997) .
In lobsters, one possibility is that the magnetic pulse altered magnetite-based receptors associated with a magnetic map sense (Lohmann et al., 2007) , causing lobsters to perceive positional information incorrectly. If so, then an interesting speculation is that lobsters in the parallel pulse condition might have perceived erroneously that they had been displaced east of the capture site, whereas lobsters in the antiparallel pulse condition might have perceived themselves to be southwest of the capture site, resulting in attempts to home in opposite directions. Additional studies will be needed to confirm or refute this hypothesis.
Additionally or alternatively, it is possible that the magnetic pulse affected the magnetic compass. Interestingly, the lobster compass has different functional properties from those of several other animals including birds (Wiltschko and Wiltschko, 1972) , sea turtles (Light et al., 1993; Goff et al., 1998) and monarch butterflies (Guerra et al., 2014) . Unlike lobsters, these animals all have inclination or axial compasses that are apparently blind to field polarity (Wiltschko and Wiltschko, 1972) and have properties compatible with chemical magnetoreception (Wiltschko and Wiltschko, 2010) . By contrast, lobsters have a polarity compass with properties incompatible with chemical magnetoreception but consistent with magnetite (Lohmann et al., 1995; Johnsen and Lohmann, 2005; Lohmann and Ernst, 2014) . It is noteworthy that mole rats and bats also have a polarity compass (Marhold et al., 1997b; Wang et al., 2007) and show altered orientation after a magnetic pulse (Marhold et al., 1997a; Holland et al., 2008) , consistent with a magnetite-based compass in these animals.
Although it is also hypothetically possible that a magnetic pulse might affect orientation behavior via a general effect on lobster physiology, health or motivation, we consider this unlikely for several reasons. First, the finding that lobsters oriented in approximately opposite directions, depending on the direction of the magnetic pulse, is difficult to reconcile with a non-specific effect. Second, a significant recovery period (at least 10 h) elapsed between exposure to the magnetic pulse and orientation tests. Finally, no general effects of a magnetic pulse on physiology or behavior have been reported in similar experiments with other animals (Wiltschko et al., 1994 (Wiltschko et al., , 1998 (Wiltschko et al., , 2002 Beason et al., 1995 Beason et al., , 1997 Wiltschko and Wiltschko, 1995b; Munro et al., 1997; Irwin and Lohmann, 2005; Holland et al., 2008) .
Magnetoreceptor structure
Although evidence for magnetite-based magnetoreception has been accumulating, the exact structure of the putative receptors remains speculative. Hypothetically, a single-domain magnetite crystal able to rotate freely will continuously align itself with the direction of the ambient field (Johnsen and Lohmann, 2005) . Little is known, however, about whether magnetite crystals are free to rotate or are instead restricted to a narrow range of movement. In some models of magnetoreceptors, magnetite crystals can align in any direction (Kirschvink and Gould, 1981) . In others, they are anchored in place and can move only over a limited range (Walker, 2008; Winklhofer and Kirschvink, 2010; Lohmann, 2016) . The extent to which a magnetite particle can move has implications for how magnetite interacts with secondary receptors or ion channels and how the torque of a magnetite particle is ultimately converted into electrical signals during the transduction process for the magnetic sense. In principle, a single-domain magnetite crystal subjected to a strong magnetic pulse directed parallel to the crystal's magnetic moment should remain functionally unchanged. By contrast, if a magnetic pulse is delivered antiparallel to the crystal's magnetic moment, the polarity of the magnetic moment will be reversed (Kirschvink, 1983; Kirschvink et al., 1985) . Thus, the effect of a magnetic pulse depends on the alignment of the pulse relative to the dipole moment of a magnetite crystal.
In the present experiment, it is unclear whether magnetite crystals were able to rotate into alignment with the geomagnetic field prior to the pulse. This issue is of particular interest in the context of the parallel pulse group, which had a significant directional preference (Fig. 3A) whereas controls did not (Fig. 3C) . One possibility is that some magnetite particles were unable to align with the geomagnetic field and were thus remagnetized in the opposite direction, resulting in altered orientation behavior as reported in some similar experiments with birds (Beason et al., 1995; Wiltschko et al., 2002) . However, because the orientation of the parallel and control groups were not significantly different for the lobsters, caution is required in interpreting this part of the experiment and no firm conclusions can be drawn.
Regardless, the finding that magnetic pulses alter orientation responses in lobsters is consistent with magnetoreceptors based on single-domain magnetite crystals. Future work will be needed to definitively characterize the mechanisms that underlie magnetoreception in lobsters and other animals.
